Introduction
High strength alloyed steels are widely applied in manufacture industry as springs, bearings, gears and so on. Serving in severe environments like dynamic loads, ever better fatigue resistance properties are demanded. Because fatigue cracks are prone to being initiated from non-metallic inclusions, high cleanliness i.e. lower total oxygen and sulfur content, is required to reduce number of inclusions in steel. 1) Negative effects of inclusions on fatigue resistance properties depend on their compositions, shapes and size distributions. [2] [3] [4] [5] [6] Hard, large and angular inclusions should be avoided because they could not be deformed together with steel matrix during hot rolling and could easily result in stress concentrations at steel/inclusion interface. [7] [8] [9] [10] [11] [12] [13] [14] Inclusions with low temperature T m /2 (T m stands for melting temperature) have better deformability 15) and exist as liquid which tend to be spherical in morphology and much easier to be removed from steel. Therefore, inclusions of relative lower melting points, smaller in size and spherical in morphology would be better for the improvement of fatigue resistance properties. [16] [17] [18] For several steel grades like motor valve spring and tyre cord, Al-deoxidization are forbidden. Si-Mn deoxidization and low basicity slag refining are used to target inclusions in low melting temperature (Ͻ1 673 K) region A indicated in Fig. 1 . 19) This process requires extremely low level of Al content in raw materials and desulphurization of steel would be relatively difficult because of low basicity of refining slag.
For steels deoxidized by Al, alumina inclusions are usually modified into relatively low melting temperature inclusions located in region B in Fig. 1 by Ca-treatment to avoid nozzle clogging. Todoroki et al. 20) covered solid Al 2 O 3 or MgO transferred into low melting temperature C 12 A 7 in Al-deoxidized SUS304 stainless steel by 59.8%CaO-9.3%Al 2 O 3 -9.5%MgO-21.4%CaF 2 slag refining. Wang et al. 21, 22) covered and qualitatively discussed transferring of solid Al 2 O 3 -MgO inclusions into relatively low melting temperature CaO-MgO-Al 2 O 3 complex inclusions in Al strongly deoxidized high strength alloyed steel by high basicity high alumina slag refining.
However, the mentioned previous studies mainly focused
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on thermodynamics of inclusion evolution while less attention was paid to kinetics of inclusion transferring. Therefore, the authors carried out current investigation which was a successive laboratory investigation of Wang et al. 21) High basiciy slag used in present study was of the same system as that applied in research 21) but the steel grade was different. Un-reacted core model was referred and applied to help elucidate evolution mechanisms of high melting temperature solid inclusions into relatively lower melting temperature inclusions, as will be presented in details in this article.
Experiments 2.1. Steel/slag Reaction Experiments
Steel/slag experiments were carried out in a vertical electric resistance furnace with MoSi 2 heating bars and Al 2 O 3 reaction tube. 100 g steel materials (chemical compositions were given in Table 1 ), Fe-Al alloys and 50 g slag materials were charged into a Magnesia crucible. Then, the magnesia crucible was set in the even temperature zone. Slag was the mixture of reagent grade CaO, SiO 2 and Al 2 O 3 . CaO was dehydrated and pulverized before the mixture. Two ends of the reaction tube were sealed with silicon rubber plugs during experiments. Before heating, the reaction tube was evacuated by flowing Ar gas flow (1.5 L/min). When temperature in even temperature zone reached 1 873 K, the melts were held for 30 min, 60 min, 90 min and 180 min respectively without stirring. After that, crucible with the melt was picked out and quenched rapidly in water.
Preparation and Analysis of Samples
Steel and slag samples were prepared for chemical analysis, as listed in Table 2 . Acid-soluble Al, Ca and Mg content in steel was analyzed by ICP-AES method. Total oxygen content in the sample was determined by fusion and the infrared absorption method. The composition of the slag was analyzed by an X-ray fluorescence spectrometer. Chemical compositions in this article are all given in mass percentage unless specially stated. Steel samples for inclusions analysis were also prepared. Inclusions on the crosssectioned plane of each steel sample were detected and analyzed by SEM-EDS to obtain information of inclusions such as morphology, size and chemical compositions etc.
Results and Discussion

Chemical Compositions of Steel and Slag
Chemical compositions of steel and slag were given in Table 3 and Table 4 respectively. It could be read that cleanliness of steel was higher after 90 min slag/steel reaction, with total oxygen content and sulfur content in 0.0007-0.0008% and 0.0005-0.0008% respectively. (FeOϩMnO) content in slag was also of quite low level, varying in scope of 0.282-0.765 %. Basicity of slag were high, with CaO and SiO 2 in scope of 42.43-44.90% and 6.26-6.90 % respectively.
Evolution of Inclusions during Steel/Slag Reaction
Types and Shapes of Inclusions
All typical types of the detected inclusions are listed in Table 5 . As can be seen, totally three categories of inclusions were observed, viz. MgO-based inclusions, MgOAl 2 O 3 system inclusions and CaO-MgO-Al 2 O 3 system inclusions. MgO-based inclusions refer to high MgO-contained or even pure MgO inclusions. All the detected inclusions were small in sizes, mainly varying in 3-5 mm. In Table 3 . Chemical compositions of molten steel after experiments (mass%). Table 4 . Chemical compositions of slag after experiments (mass%). Table 5 .
(2) Change of Inclusion Shapes with Time It can be obviously read from Table 5 that shapes of the detected MgO-Al 2 O 3 and MgO-based inclusions were all gradually changed from blocky or rectangular into spherical. MgO-Al 2 O 3 system inclusions were in rectangular shape at 30 min but were changed into spherical at 60 min. MgO-based inclusions were blocky at 30 min and were near spherical at 60 min while in spherical shape at 90 min. All detected inclusions were spherical balls when reaction time reached 90 min or longer (180 min).
Ca in inclusion seems to be helpful to change inclusion shape from rectangular/blocky into spherical, as given in In addition, two kinds of typical CaO-MgO-Al 2 O 3 system inclusions are observed in steel. One kind is featured with high Al 2 O 3 content while the other kind is feature with high MgO content, as indicated in Fig. 4 . This phenomenon would be analyzed and discussed later in this article.
Composition Distribution of Inclusions
As SiO 2 in inclusions obtained from SEM-EDS results were about 5% in present study, composition distribution are projected into CaO-MgO-Al 2 O 3 pseudo-ternary system, as presented in 30 min to about 30 % at 180 min. MgO content in inclusion mainly decreased with longer reaction time from 30 % at 30 min to 25 % at 90 min and 10 % at 180 min, although there is a rise of MgO-based inclusions at 60 min. While longer reaction time corresponded higher Al 2 O 3 content in inclusions, from about 55 % at 30 min, 40 % at 60 min, 45 % at 90 min to about 50 % at 180 min. Average compositions of inclusion are moving towards the calculated low melting temperature zone with longer time and entered the low melting temperature region in the end after 90 min reaction, as can be seen in Fig. 6(b) . Reasons for increase of MgObased inclusions at 60 min would be discussed and given in the following part of this article. Equilibrium constants used in the present study were given in Table 6 and interaction coefficients used in calcu- MgO-based inclusions could be formed in steel both as chemical reaction products and as metallurgical vessel lining refractory erosion products as reported in previous works. 31, 32) Because no stirring was used and MgO inclusions observed are very tiny in size (Ͻ5 mm) and the number of which decreased with the rise of reaction time. Therefore, it is considered that MgO inclusions are formed slag-steel reaction products.
Thermodynamic Calculation on Evolution of Inclusions
However, alumina inclusions are unstable when even quite low level of [Ca] Activity of CaO · 2Al 2 O 3 is taken as 1 during calculation, whose standard state is considered as pure solid and composition is invariable. Standard state of MgO is also taken as pure solid and activity of which is also considered as unity. During the calculation, [Ca] content in steel was taken as 0.0002 % which was the lowest level in experiments. Region of liquid calcium aluminate would be enlarged when dissolved calcium content in steel was higher.
The calculated phase stability phase of MgO, spinel, CA2 and liquid was indicated in Fig. 8 . Data poionts indicated by circles in the figure was experiment data points in present study. As can be seen, Al 2 O 3 , MgO and MgO · Al 2 O 3 inclusions in this study were not stable even when Ca content in steel was even 0.0002 %. Liquid phase would be the final stable phase.
Relation on activities of Mg and Ca with reaction time was estimated and given as Fig. 9 , during which oxygen content in molten steel was also taken as 0.0001 % and the used values of [Mg] and [Ca] were given in Table 3 . It can be seen that activities of Mg in steel at 60 min and 90 min are higher than that of 30 min and 180 min. Activities of Ca mainly increased with reaction time but shown a decrease at 60 min, which accounts for the increase of MgO-based inclusions at 60 min. Particularly, activities of Mg were much higher than that of Ca in steel all the time. That was an important reason of why MgO and MgO · Al 2 O 3 inclusions were formed before calcium aluminate inclusions.
Based on the calculation, transferring of inclusion could be roughly described as follows: after Al-deoxidization, a great number of Fig. 10 . Inclusions in Fig.  10(a) and Fig. 10(b) . It was found that shared features of the CaO-MgO-Al 2 O 3 system inclusions were high Al content in the whole inclusion, relatively high Mg concentrated in the inner part and high Ca content in the outer surface. Moreover, concentration of Ca was much higher in the outer surface of inclusion while much less in the inner part forming a ring shape Ca-rich band around the inclusion in the SEM-Mapping image. In short, the first kind of CaOMgO-Al 2 O 3 inclusions could be described as Al 2 O 3 -MgO solid inclusions surrounded by an outer CaO-Al 2 O 3 layer. However, there were some differences in SEM-Mappings of inclusion in Fig. 10(a) and that of inclusion in Fig. 10(b) . Concentration of Mg in the inner part of inclusion in Fig.  10(a) was lower than that in inclusion in Fig. 10(b) . Particularly, Mg concentrated zone and Ca-concentrated zone seemed to be incompatible and complementary in the images of SEM-Mapping, which was more obvious in Fig.  10(b) .
SEM-Mapping of the second kind of CaO-MgO-Al 2 O 3 system inclusions were shown in Fig. 11 . Region concentrated with Mg was incompatible with Al-rich and Ca-rich layer in the mapping images. While Ca and Al concentrated regions were superposed. Therefore, nearly pure solid MgO inclusion surrounded by CaO-Al 2 O 3 outer layer was the shared feature of inclusions in Fig. 11(a) and Fig. 11(b) .
In previous works, MgO-Al 2 O 3 inclusions had been often observed in the centre of large CaO-MgO-Al 2 O 3 inclusions (about 40-50 mm). But it was not clear whether these "spinel-islands" were the original nucleation particles © 2010 ISIJ 34) However, this mechanism was excluded here because pure spinel inclusions were largely observed at 30 min.
As all CaO-MgO-Al 2 O 3 inclusions in present study were only several micro meters (about 5 mm) in sizes, possibility of solid inclusions like spinels collided into the existed liquid CaO-Al 2 O 3 is also quite small. Because no stirring was used in experiments, removal of inclusions was only by floatation. As given in Figs. 2-4 , sizes of MgO, spinel inclusions were similar to that of CaO-MgO-Al 2 O 3 inclusions or even smaller, it was not likely that decrease MgO and spinel with reaction was by their floatation in steel melt. Further, the steel samples were completely solidified in a few second by water quenching and all the observed CaO-MgO-Al 2 O 3 inclusions were featured with solid MgO and spinel as the core not only at 30 min but also at 180 min. Hence, formation of CaO-MgO-Al 2 O 3 mainly by CaO-Al 2 O 3 inclusions solidifying as the matrix of the asprecipitated spinel or MgO inclusions was also excluded.
Therefore, it is believed that low melting temperature CaO-MgO-Al 2 O 3 inclusions are transferred from solid MgO-Al 2 O 3 and MgO-based inclusions, which could also been proved by SEM-line scanning results.
SEM line scanning results of two kind of CaO-MgOAl 2 O 3 inclusions were shown in Fig. 12 . As can be seen in Fig. 12(a) , the inclusion core was mainly composed of Al 2 O 3 . MgO content changed along width direction and had a concentration climax at the edge of inclusion. However, CaO content was low and changed little along the width direction. It's considered that the inclusion was being changed from Al 2 O 3 →MgO-Al 2 O 3 →CaO-MgO-Al 2 O 3 . Line scanning of the second kind of CaO-MgO-Al 2 O 3 inclusion is given in Fig. 12(b For the purpose of improving the fatigue property of steel, it would be helpful if un-deformable, high melting temperature and angular inclusions were surrounded by a lower melting temperature layer. In that case, some degree of deformation of the inclusions could take place during hot rolling which can effectively prevent formation of cracks and voids in steel matrix around the inclusions. It is not necessary for the whole part of inclusion to be changed into being lower melting point so long as the lower melting temperature outside layer is thick enough.
Illustration on Evolution of Inclusions during Steel/
Slag Reaction Although inevitability on evolution of inclusions had been proved by thermodynamic calculations above, further understanding on evolution of inclusions was still necessary because this process was also a problem of kinetics. As a result, a vivid description on change of inclusions during steel/slag reaction experiments would be helpful.
Change of inclusions was illustrated by Fig. 13 and described as following:
(1) During Al strong deoxidization, Al 2 O 3 clusters were quickly and largely formed in molten steel in a few minutes, as indicated in Fig. 13(a) .
(2) With progress of steel/slag reaction, Mg would be reduced from slag by chemical reaction (11) . With very low level of Fe t O content in slag, Ca could be reduced from slag by reaction (12) . However, as activity Mg was larger than that of Ca during experiments, the formed Al 2 O 3 inclusions would react with dissolved Mg and changed into MgOAl 2 O 3 system inclusions, as expressed by reaction (13) . Because no stirring was used during experiment, concentration gradients of dissolved Mg could probably exist in molten steel. As a result, MgO inclusions would be formed in the melt with higher dissolved Mg for example by reaction (14) . As presented in Fig. 13(b (15) , which surround the original MgOAl 2 O 3 inclusion core. As a result, the first kind of CaOMgO-Al 2 O 3 system inclusions formd, as indicated in Fig.  13(c) .
(4) MgO inclusions were not stable under strong Al-deoxidization and reaction (16) 35) occurred, forming a thin MgO-Al 2 O 3 layer around MgO. Afterwards, the formed MgO-Al 2 O 3 layer would react with [Ca] in steel by reaction (15) . As a result, the second of CaO-MgO-Al 2 O 3 system inclusions formed. If reaction time is longer enough, MgO-Al 2 O 3 system inclusions would be changed into calcium aluminate inclusions in the end as expressed in Fig.  13(d) .
.... (16) (5) As CaO-MgO-Al 2 O 3 inclusions were with lower melting points, they would be liquid during refining. Coagulation would be happened among them and they would be easier removed by floatation. Hence, total oxygen content decreased with the rise of reaction time.
Model Establishment on Evolution Kinetics of In-
clusions Although evolution of inclusions were discussed thermodynamically and described schematically, further understanding on evolution kinetics of inclusions was necessary to help find out the limited steps. Previous works on spinels were mainly focused on thermodynamics while much less attention was paid to the evolution kinetics of spinel inclusions into liquid inclusions. As a result, a model was established to help understand evolution kinetics of inclusions.
Before the model was established, several assumptions and pre-requisitions were given for convenience of discussion, listed as follow:
(1) Solid inclusions were considered as spherical particles, uniformly distributed in the melts. Chance of each solid inclusion changed into CaO-MgO-Al 2 O 3 system inclusion was the same. As a result, a solid MgO or Al 2 O 3 inclusion could be chosen randomly as the study object.
(2) During inclusion/steel reaction, solid inclusion changed uniformly in every direction and kept spherical symmetry all the time.
(3) Rectangular coordinates system was set with origin at the center of solid inclusion core, of which X-axis stands for distance while Y-axis stands for content of inclusion component. , Al and Ca 2ϩ in inclusion would be the rate limited step. Moreover, diffusion coefficients of Mg and Ca were much less than that of Al. 37, 38) As a result, it was considered that diffusion of Mg 2ϩ and Ca 2ϩ in either solid inclusion core or the newly formed CaOMgO-Al 2 O 3 outer layer would be the possible velocity controlled step during evolution of inclusions. However, much detailed work was still needed to quantitatively discuss limited steps during composition change of inclusions.
Conclusions
Evolution of inclusions in high strength alloyed steel with steel/slag reaction time was investigated and evolution mechanisms of inclusions were proposed. Based on the experiment results and analysis, the following conclusions are drawn:
(1) With steel/slag reaction time increased from 30 min→60 min→90 min→180 min, inclusion were changed from high melting point MgO-Al 2 O 3 system and MgObased to lower melting temperature CaO-MgO-Al 2 O system (Ͻ1 773 K) system. SEM-Mappings of CaO-MgOAl 2 O 3 system inclusions were characterized by high melting temperature inclusion cores surrounded by a lower melting temperature CaO-Al 2 O 3 outer surface layer. As a result, shape of inclusion varied from blocky/angular to spherical.
(2) Activity of Mg in steel was larger than that of Ca, thus spinels would be formed before they were changed into calcium aluminate inclusions. Dissolved [Al] and [Mg] contents in steel were in spinel-formation region or incline to the MgO/MgO · Al 2 O 3 formation region boundary. As a result, MgO · Al 2 O 3 and MgO inclusions were largely formed at early period of steel-slag reaction. However, with activity increasing of Ca in steel, the formed solid MgO · Al 2 O 3 and MgO-based inclusions are inevitably and gradually transferred into CaO-MgO-Al 2 O 3 system inclusions. were the lower than that of Al, it's considered that diffusion of Mg 2ϩ and Ca 2ϩ either in solid inclusion core or in the newly formed CaO-Al 2 O 3 outer layer would be the limited steps during inclusion transferring. However, further work should be done to discuss this problem quantitatively.
